Abstract: We propose a new method to optimally design short triangular-spectrum fiber Bragg gratings (TS-FBGs), using the metaheuristic bat algorithm (BA). In addition, we propose a novel modification, i.e., adaptive position update (APU), to optimize the index modulation within a predetermined range. The discrete layer-peeling algorithm is used to efficiently initialize BA. The APU improves the search performance and accuracy of the BA algorithm in fiber Bragg grating (FBG) design application. Using the proposed method, a 0.2-nm-bandwidth TS-FBG, operating in the C-band, is designed. The short-length FBG with chirp-free structure prevents complex phase modulation for practical considerations. In addition, a dual-wavelength TS-FBG of 0.75-nm bandwidth operating in the eye-safe region has been designed and provided the most accurate optimum design length. The latter is well suited for FBGs inscribed in high-birefringent fibers, which are utilized in multiwavelength fiber laser systems. For both cases, the accuracy and search performance of APU-BA are shown to be better than those of previously reported algorithms in the literature.
Introduction
Fiber Bragg gratings (FBGs) have been widely employed in optical systems. In particular, TriangularSpectrum Fiber Bragg Gratings (TS-FBGs) are applied to act as wavelength-interrogation devices in modern sensor systems [1] . The TS-FBGs are simple, economical, and flexible and have the advantages of higher sensitivity, as well as immunity from light source instability [1] . The synthesis of FBGs has attracted research interest for more than a decade. Two research paths are used [1] . The first are the Inverse Scattering (IS) algorithms. The FBGs designed by IS algorithms generally have complicated index modulation profiles and long grating lengths, although the maximum index modulation is minimized in these methods [1] . The second path is based on Stochastic Global Optimization (SGO) algorithms. The performance of many SGO algorithms is affected by the initial value of the parameters and the selected fitness value function [1] . Gong et al. propose an approach employing both IS and SGO algorithms [2] , [3] , as the best of the two hybrids. This is through optimizing the initial coupling coefficient (hence the index modulation) obtained by an IS algorithm, namely, DLP [4] , [5] . SGO/metaheuristic algorithms provide optimized FBG synthesis with better performance and search efficiencies [6] , simpler implementations [7] , and multi-objective search capabilities [8] . Among other metaheuristic algorithms, the Bat Algorithm (BA) is easy to implement giving it a flexibility for wide range of applications, and have higher efficiencies [9] . Technically, BA features frequency tuning, automatic zooming, and parameter control [9] . BA shows superiority in search accuracy and efficiency compared to other algorithms like Particle Swarm Optimization (PSO) and Genetic Algorithm (GA) [10] . In fact, other successful algorithms (such as PSO and Harmony Search "HS") are special cases of BA. Applications utilizing BA ranges from continuous optimization, combinational optimization and scheduling, inverse problems and parameter estimation, classifications, clustering, data mining, image processing, to fuzzy logic [9] . In this paper, another effective method is proposed to design non-uniform short TS-FBGs, using BA for the first time. The design problem objective is enhanced FBG reflectance spectrum. Based on the synthesized reflectance spectrum deviation from the target one, a novel adaptive bat position update scheme-through the BA parameter ð" t Þ-is proposed. Also, DLP is used to initialize BA with index modulation ranges. Search performance improvement is observed, compared to static position update (fixed " t ). The proposed method is applied to design a 0.2 nm-bandwidth singlewavelength TS-FBG and a 0.75 nm-bandwidth dual-wavelength TS-FBG.
Theory
The FBG synthesis method uses first DLP (see Section 2.2) to obtain RI modulation (obtained from coupling coefficients-see Section 2.2) for a given FBG number of sections, length, target reflectance spectrum, and Bragg & center wavelengths. The latter four inputs will then be fed into BA as well, besides BA parameters (explained below in Sections 2.1 and 3.1), maximum number of iterations, and propagating fundamental mode and core effective RIs. BA will result in the optimum RI modulation (whose synthesized reflectance spectrum is closest to the target one).
The BA uses virtual bats (population of candidate solutions) moving in the multi-dimensional space of the problem. Eventually, the bats will reach their prey (the optimum position). For simplicity, the following approximations are necessary [9] :
• For sensing the distance ahead of their flight paths, virtual bats use echolocation.
• During hunting, bats may travel in a random manner with a velocity i at position x i with a combination of sensing frequency Q min , and varying loudness A 0 to hunt for prey. The frequency of their emitted pulses and pulse rate r 2 ½0; 1 can be automatically adjusted, given the current proximity of their target.
• The loudness of echoes by a virtual bat can be assumed to decay over time from a large and positive amplitude A 0 to a small constant value A min . Also, we do not use any ray tracing process for computing the time delay and estimating the three dimensional topology. This is due to the sufficiency of considering FBG longitudinal dimension only. Furthermore, the frequency Q 2 ½Q min ; Q max , and we can assume that Q min ¼ 0.
Bat Algorithm
Based on the approximations and idealized rules above, BA steps (including our novel APUsee Section 2.3) are illustrated in the flowchart of Fig. 1 . Here, positions will represent the refractive index (RI) modulation along the longitudinal direction of the FBG core. To improve BA search performance, index modulation range ðmax À minÞ is to be obtained using DLP (see Section 2.2). However, this is not a necessary condition for position initialization. Dimensions of the problem space represent the FBG sections. In the following, we will refer to step numbers in Fig. 1 . After setting BA parameters (presented in turn below) and initializations of step 1, fitness (objective) function f is computed in step 2. This is done through linking with the target reflectance spectrum by [1] 
where N is the number of wavelength samples of the reflectance spectrum, and R synth and R target are the synthesized and target reflectances at the jth wavelength j , respectively. R synth is computed for a given RI modulation (bat) using the Transfer Matrix Method (TMM; see Section 2.2). W ð j Þ is a weighting factor defined according to the linear edge of the triangular reflectance spectrum, as [1] : BW is the bandwidth, j l is the lower corner wavelength index, and j u is the upper corner wavelength index. is defined as: ¼ jðR target À R synth Þ=R synth j Â 100. Solution (bat) is selected among the current solutions in step 3.
Step 4 will be explained within step 7 below. Frequency adjustment in step 5 is done by
where is a random number drawn from a uniform distribution and 2 ½0; 1.
Step 6 is done by
where x best is the current global best position, which is located after comparing all the solutions among all the n bats. Condition on pulse rate indicates that the bat is closer to the prey. In step 7, the local search part generates a new solution using random walk
where is a scaling factor linked to the scaling of the design variables (RI modulation) of the design problem (FBG), " t is the position update index drawn from a Gaussian normal distribution and " t 2 ½À1; 1. hA t i i is the average loudness (step 4) of all bats at t th time step, with maximum number of iterations t max . Our novel APU scheme will adaptively assign values for " t (per bat per FBG section), hence updating bat position.
Step 10 indicates finding the prey, and therefore, the loudness can be chosen as any convenient value. For simplicity, we can also use A 0 ¼ 1 and A min ¼ 0 (meaning that a bat has just found the prey and temporarily stops emitting any sound). This is carried out by
where and are constants, and A 0 i can typically be taken as 1, r 0 i 2 ð0; 1. Obviously, the loudness and emission pulse rates will be updated only if the new solutions are improved, which means that these bats are moving towards the prey (optimal solution). The rest of steps and parts in Fig. 1 are self-explanatory.
Supporting Algorithms
The synthesis of fiber gratings in the Discrete Layer Peeling (DLP) algorithm is carried out by discretizing the grating into a stack of complex reflectors [11] , separated by l FBG length units (assuming light is propagating along the FBG longitudinal direction). This is given by:
where L g is the FBG length, and N is the number of FBG sections (periods). Details of DLP and its steps in discrete time-domain are available in [11] . The equivalent wavelength bandwidth for uniform grating is given by [12] 
where n eff is the effective index, and is the ac coupling coefficient [see (11) below]. Equation (10) gives an indication about the inverse relation between FBG bandwidth and length. An inverse process to synthesis is needed to calculate the resultant synthesized reflectance spectrum, in FBG analysis. The coupled-mode theory has been widely used for the analysis of FBGs because it allows one to determine the effect of the grating structure on the wavelength response (magnitude and phase) [13] . Non-uniform FBGs (NU-FBG) have more squared reflectance magnitude response with much smaller amplitudes of side lobes [13] . The TMM has been widely employed for solving the NU-FBGs due to its high computational efficiency and reliability [12] . Our focus is on narrow-bandwidth FBGs, which equivalently operate as bandpass filters (BPFs). In narrow-bandwidth BPFs, only magnitude response is concerned (since phase tends to zero in the vicinity of center wavelength). This will be applied to our short narrow-bandwidth NU TS-FBG. Hence, it can be modeled as cascaded uniform sub-gratings [13] . Briefly, the NU-FBG will be divided into sufficiently large number ðNÞ of uniform sub-gratings. Each sub-grating length is given by Eq. (9) . Details of TMM formulation and parameters are available in [12] , [13] . The ac coupling coefficient j is given by [12] j ¼ i B;j Án ac;j (11) which is the cross-coupling (grating coupling) coefficient, and directly responsible for optical power transfer between coupled modes [14] . Án ac;j is the ac index change (modulation) in the jth section. TMM results in reflection ðÞ and transmission ðÞ spectra for a given FBG RI modulation given by [12] , [13] ðÞ ¼ T 21
where T s are transfer matrix elements [12] , and f and b electric field subscripts refer to forward (incident) and backward (reflected) propagation directions, respectively, at a given sub-grating (0 for the first and N for the last) [13] .
Adaptive Position Update (APU)
We propose a novel scheme for adaptively assigning values for BA position update index ð" t Þ, necessary for the local search part [see (6) ]. This assignment will be done per bat per dimension (FBG section). Our scheme is based on percentage error (: see Section 2.1) calculation. Table 1 illustrates this scheme. Obviously, the highest error band is "band 0", and the lowest one is "band 6." Values of " t (" 0 to " 6 ) must be assigned carefully according to the corresponding error band. Then, the new position will be updated according to [see (6) ], with the modification for " t sign: positive if the updated position (step 6 in Fig. 1 ) ≥ current best, and negative otherwise.
Case Study Implementations
In this section, we will present the results of BA implementation using MATLAB for singlewavelength and dual-wavelength TS-FBG. First, we will present BA parameters settings. 
BA Parameters Settings
Based on experimentation using theory and description given in (Section 2.1), BA parameters settings are: A 0 ¼ 1; r 0 2 ð0; 1; Q 2 ½0; 2; ¼ 10 À4 or 10 À3 for single-or dual-wavelength case respectively (obtained from index modulation ranges using DLP); ¼ ¼ 0:95; 2 ½0; 1.
Single-Wavelength FBG
A 4cm-long FBG is considered, operating in the conventional C-band at 1550 nm ð B Þ. The wavelength in the reflectance spectrum ranges from 1549.8 nm to 1550.2 nm, with a bandwidth of 0.2 nm. The effective index n eff is 1.5. The range of RI modulation is obtained using DLP: 0:77 Â 10 À4 . Hence, initial positions will be assigned randomly within the interval ½0; 0:77 Â 10 À4 . Virtual bats fly in a 20-dimension ðd Þ space.
Position Update Index ð" t Þ Setting Effect
Assignment of " t is set as fixed at 0.01, Error Band (EB), and modified Error Band (mEB) sets (see in Table 1 ). Fig. 2 shows the resulted RI modulation for each case [ Fig. 2(a) ], as well as the corresponding reflectance spectrum [see Fig. 2(b) ]. Synthesized reflectance spectra is calculated using TMM (see Section 2.2). Number of bats in these experiments is 30, with 300d maximum iterations. Clearly from Fig. 2(b) , our proposed APU (especially with mEB set) gives better results even at relatively low number of bats and iterations. The percentage error in the reflectance spectrum is illustrated in Fig. 3 . The 100% error in stop bands reflects the inevitable small non-zero reflectance levels in the synthesized spectra. This is due to the impossibility of T 11 ! 1 in [see (12) ]. However, the decline in percentage error is dramatic when using APU with mEB set, indicating higher convergence to the target reflectance levels in the pass band.
Number of Bats
Effects of increasing number of bats (n ¼ 30, 50, 70, and 100) on the reflectance spectra, is studied here. Other parameters are set as in (see Section 3.2.1). APU with mEB set for " t is used. Fig. 4 shows the resulted RI modulation for each case, and the corresponding reflectance spectra. Better results are observed as n increases. Minimum values for the fitness function ðf min Þ are: 0.0038235, 0.0017509, 0.0010196, and 0.00075016 for n: 30, 50, 70, and 100, respectively. In terms of dimensions ðd Þ, the sufficient iterations to reach those f min values are 280d , 1200d , 3000d , and 1800d , respectively. Time versus accuracy is always an issue subject to trade-off. However, both n and maximum iterations can not be increased to an arbitrarily large values. Comparing the accuracy against Arbitrary Stationary Power/Field Distribution (ASP/FD) method [15] : peak reflectance R peak (at B ) for APU-BA with n ¼ 70 & 100 is 0.952194 and 0.964579, respectively, while that for ASP/FD is around 0.95 (see Fig. 5 ). R peak is of special importance when FBGs are designed as selective-wavelength reflectors (mirrors). Furthermore, APU-BA results in semi-flattened behavior in the stop bands, while ASP/FD gives an exponential-like growth/decay behavior with over all rippled shape for the spectrum. Also, a considerable decline in percentage error ðÞ occurs for n ¼ 70. Furthermore, at B drops as follows: 21.73%, 12.24%, 5.02%, and 3.67% for n: 30, 50, 70, and 100, respectively.
Decrease in f min values is noticed, with increasing number of bats, as illustrated in Fig. 6 . Here, a 6000-iteration window captures this f min behavior [see Fig. 6(a) ]. Comparing search performance with other algorithms [see Fig. 6(b) ], APU-BA with 100 bats shows better performance by reaching f min ¼ 1:02Â10 À3 for only 120 iterations, and 9:2Â10 À4 for 800 iterations [see the inset for Fig. 6(a) ]. 
FBG Length
Effect of changing FBG length on the reflectance spectrum is studied herewith, for the same bandwidth and other parameters settings (see Sections 3.1 and 3.2). A 70-bat population is used with maximum iterations of 3000d , and mEB set for " t values in APU. Fig. 7 shows the FBG reflectance spectra for FBG lengths 3 mm, 5 mm, 1 cm, 4 cm, and 6 cm, along with the respective f min values. For the given design parameters and lengths ≥ 1 cm, the respective spectra tend to the target spectrum. Shorter FBGs (3 and 5 mm) have broader (larger bandwidths) poorer spectra. The latter can be anticipated from (10) . Hence, our synthesis method recommends a best FBG length around 1 cm (as having the lowest global f min , and closest spectrum to target).
Dual-Wavelength FBG
In this section TS-FBG design in the eye-safe operation region (2 m) is presented. This FBG is a key component in tunable dual-wavelength all-fiber eye-safe region laser systems used in many applications such as LIDAR systems, material processing, optical signal processing, optical Fig. 5 . ASP/FD resulted reflectance spectrum for the target power distribution differential with a sharp peak [15] . À3 , ½0; 0:51 Â 10 À3 , and ½0; 0:4 Â 10 À3 , respectively. Finally, the maximum number of iterations is set to 1000d . Fig. 8 shows the synthesized reflectance spectrum for each of the selected FBG lengths, and the RI modulation for the best length. The value of f min at FBG length of 2.3 cm is 0.0016533 with only 140d iterations, which is the lowest compared to those for 2 cm and 3 cm (0.0069764 and 0.0066566, respectively). Hence, 2.3 cm is the best design choice for FBG length having the closest reflectance spectrum to the target one. The RI modulation for this length is shown in Fig. 8(b) . Comparing the accuracy in the multi-wavelength case against MAQPSO algorithm, R peak for APU-BA is 0.998 [see Fig. 8(a) ] at the best length, while it is around 0.85 for triple-wavelength TS-FBG using MAQPSO [1] . Furthermore, the (average, minimum) percentage error pair, for the high and low pass bands using APU-BA is (12.39%, 0.29%) and (10.52%, 0.94%), respectively.
Compared to the results for single-wavelength FBG in (see Section 3.2.2), APU-BA shows far better search performance in the case of dual-wavelength FBG (higher dimensions). Specifically and using 70 bats, APU-BA needed 3000d iterations for the single-wavelength FBG to hit the optimum reflectance spectrum, whereas it needed only 140d iterations for the dual-wavelength FBG. This asserts the power of BA.
Finally, the optimized RI modulation profiles for our both C-band single-wavelength-(with FBG period ≈ 0.05 cm)-and eye-safe region dual-wavelength-(period ≈ 0.0766 cm)-TS-FBGs are simple and can be fabricated using the available: point-by-point (PBP) femtosecond ðfsÞ laser writing method [16] , [17] , and deep ultraviolet femtosecond laser exposure with two-beam interferometry method [18] . Furthermore, the designed FBGs periods are larger than-for instance-that in [17] (3 m down to % 1:08 m). Hence, PBP fs laser inscription is a good candidate for fabrication with our periods, which can easily be achieved for translation stage spanning involved in this fabrication method.
Conclusion
We have proposed the application of the Bat Algorithm (BA) to global optimal design of short TS-FBGs. Also, we developed a novel Adaptive Position Update (APU) scheme and merged it into BA for the design problem. Furthermore, optimum initial refractive index modulation ranges for APU-BA were obtained through combination with DLP algorithm. Considering the percentage error between the respective values of the target and synthesized reflectance spectra, we proposed error bands sets and corresponding BA position update index ð" t Þ values for the novel APU. The employment of the DLP algorithm improves the convergence performance of the APU-BA algorithm. The presented APU-BA provides better performance and accuracy than BA. We designed two practically important TS-FBGs. Complex phase modulation is overlooked, through considering broad bandwidth short-length TS-FBGs without chirps in its structures. The first TS-FBG operates in C-band at 1550 nm with 0.2 nm bandwidth. The second TS-FBG operates in the eye-safe region (2 m) at selected wavelengths of 1941.38 nm and 1942.1875 nm with 0.75 nm bandwidth. APU-BA showed higher accuracy and better search performance than other reported algorithms, for both single-and dual-wavelength TS-FBGs, fulfilling the design constraints and targets resulting in best FBG lengths.
